We report the observation of optical near fields in a photonic waveguide of conductive indium tin oxide (ITO) using multiphoton photoemission electron microscopy (PEEM). Nonlinear two-photon photoelectron emission is enhanced at field maxima created by interference between incident 410-nm and coherently excited guided photonic waves, providing strong phase contrast. Guided modes are observed under both transverse magnetic field (TM) and transverse electric field (TE) polarized illuminations and are consistent with classical electromagnetic theory. Implications on the role of multiphoton PEEM in optical near-field imaging are discussed.
I. INTRODUCTION
Multiphoton photoemission relies on the nonlinear interaction of high intensity light at a solid surface to induce electron photoemission even if photon energies are below the work-function threshold of the material. 1 Imaging these photoelectrons in a photoemission electron microscope (PEEM) reveals a spatial map of the emission rate distribution. Emission locations can be linked to work-function differences, surface features, local electric fields, and electron densities. 2, 3 On metal surfaces emission sites can also be associated with surface plasmon polaritons (SPPs). [4] [5] [6] SPPs result from the coupling of photons and conduction electrons in a metal and are confined to the surface near region.
Photonic structures based on dielectric waveguides similarly confine electromagnetic fields but without the resonant coupling to the free electron gas, as the resonance frequency of the electrons in a dielectric is typically far below the used photon frequencies. So far, imaging of photonic near fields with PEEM is not reported because the typical transparent dielectric does not have the right combination of high transparency and electron density. A likely candidate is a transparent conducting oxide such as indium-tin oxide (ITO). 7 In this paper we report PEEM carried out with 100-fs pulses of 410-nm light. We used ITO, which has a work function of approximately 4.2 eV.
8 Figure 1 shows the dispersion relationship of this material. At 410 nm, ITO exhibits radiative photonic waves, above the light line in the dispersion relation. This response is clearly distinct from a plasmonic response, which can be expected for wavelengths greater than 1.5 microns 11 -i.e., at wavelengths greater than the surface plasmon resonance wavelength. At those wavelengths the dispersion curve lies below the light line.
In the following, we present multiphoton PEEM images of a simple photonic structure with nanometer dimensions. We then develop a classical model to analyze waves propagating parallel to the surface. We use it to show that the properties of the observed waves are consistent with dielectric waveguide modes. This finding has implications for the interpretation of multiphoton PEEM and the usefulness of the microscopy technique for more general, high-resolution imaging in nanophotonics, which we discuss in the last section.
II. EXPERIMENTAL DETAILS

A. Photonic nanostructure
We used 0.2-mm-thick borosilicate glass wafers covered with a thin layer of ITO with sheet resistivity of 15-20 / and thickness t ITO = 290 ± 20 nm, obtained from SPI Supplies. At a wavelength of 410 nm, the real parts of the refractive indices are n ITO = 2.14 ± 0.01 and n glass = 1.53 ± 0.01. The imaginary part of the refractive index of ITO is κ ≈ 0.025, 12, 13 corresponding to an absorption coefficient of α ≈ 8000 cm −1 . The optical properties of ITO are known to vary with film thickness.
14 Using a FEI Strata 237 focused ion beam (FIB), we milled a 6.0 × 0.4-μm 2 slit of depth ≈320 nm into the ITO. In the PEEM, this slit was oriented perpendicularly to the laser beam direction and served to couple incident light into the ITO layer, as shown in Fig. 2 . A wide, shallow trench measuring 2.0 × 5.0 μm 2 perpendicular to the slit was milled to produce a region of ITO with a reduced thickness of approximately 240 nm.
B. Multiphoton PEEM apparatus
Incident light is generated by a Spectra-Physics Mai Tai Ti:sapphire laser, producing 11-nJ, 80-fs pulses at 820 nm at a frequency of 80 MHz. These pulses are up-converted to 2-nJ, 410-nm pulses using a Del Mar Photonics second harmonic generator. The optical bandwidth ν/ν of the pulse is less than 3%. Thus, nearly monochromatic conditions are obtained. The laser pulses can be adjusted to be either vertically (TE) or horizontally (TM) polarized using a tunable wave plate.
The polarized beam is focused to a 100-μm-diameter spot, encountering the sample at an angle of 60
• to the sample surface normal, as shown in Fig. 2 . The photon flux at the sample surface is approximately 0.005 photon nm −2 fs −1 at peak intensity. Photoelectrons, at a yield of less than 1 per pulse, are collected and imaged by an aberration-correction PEEM in which spherical and chromatic aberration are corrected using a hyperbolic electron mirror. Enhanced brightness and contrast gained by aberration correction can significantly reduce imaging times over uncorrected PEEM. Details of the microscope are described in Refs. 15 and 16. 
III. RESULTS AND DISCUSSION
Figure 3(a) shows a PEEM micrograph of the ITO structure obtained with CW illumination at 244 nm from a frequency doubled Ar-ion laser. The photon energy for this ultraviolet light is 5.1 eV, which is larger than the work-function energy of ITO, and the PEEM image is therefore obtained in a singlephoton photoemission process. Mostly topological contrast is obtained in this imaging mode. The center region B is particularly bright due to surface roughness created by FIB milling.
When pulsed light at a wavelength of 410 nm is used, the character of the PEEM image changes significantly, as in Figs. 3(b) and 3(c). A wavelength of 410 nm corresponds to a photon energy of 3.02 eV. As this is less than the work function, nonlinear photoemission must be assumed. In these images some of the topological features are still recognizable, but many edges now appear highlighted and wavelike patterns with wave fronts perpendicular to the illumination direction • to surface normal, and emitted electrons are imaged using a photoemission electron microscope (PEEM). are now visible. Edges facing the incident light have enhanced emission compared to edges at other orientations, especially in TE polarization. Strong localized emission due to surface inhomogeneities or deposited particles are evident across the sample surface, with varying intensities. These localized features exhibit the signatures of diffraction and near-field radiative modes.
Wavelike patterns surround the structure in Figs. 3(b) and 3(c). The patterns exhibit different spacings, decay lengths, and amplitude variations in different regions and for different polarizations. With closer inspection, all regions appear to have an offset maximum and beating phenomena. Three different wave fields can be identified; these have been labeled A, B, and C in Fig. 3 . Region A is in the forward direction of the incident laser beam, i.e., above the slit and outside the trench area. Region B is the trench center region, and region C is in the reverse direction incident to the beam, i.e., below the slit. The average intensity profiles across each region and polarization are shown in Fig. 4 .
These wave patterns are well explained as an interference between the guided modes in the ITO layer and the incident light. The interference, illustrated in Fig. 5 , is similar to those found in plasmonic metal structures, as reported, for example, in Refs. [17] [18] [19] . There are, however, significant differences between the plasmonic and the photonic cases: Due to the lower electron densities in the ITO material and the much lower optical absorptivities in ITO as compared to typical metals, the electron emission rates are lower in the photonic case. At the same time the propagation length in the photonic case is comparable to thick silver, the best of the optical plasmonic metals. 20 Typically we can observe the wave patterns to extend over distances of some 10 micrometers. interference pattern occur where the incident and guided waves interfere constructively. We assume two guided waves, E 1 and E 2 , corresponding to the minimum number of sources needed to explain the beating patterns in Fig. 4 (especially evident in the reverse direction). The incident and guided waves have propagation vectors k and k j with in-plane components k sin θ and ±kN j , respectively, where k = 2π/410 nm, ω = ck, θ = 60
• , and ±N j is the effective refractive index of guided wave j = 1,2 traveling in the forward (+) or reverse (−) direction. We first consider the interference pattern in the forward direction.
At surface location y and time t the incident wave, with field amplitude E inc (y,t) = Ae i(ky sin θ−ωt) , interferes with the j th guided wave E j (y,t) = B j e i(±kyN j −ωt) . The resulting electromagnetic field intensity distribution I EM = E tot 2 , where
, where N 2 > N 1 . The probability of two-photon photoemission is proportional to the square of the electromagnetic field intensity, or I PE (t) = I as we will see in the following. Integrating the photoemission intensity over time t produces the photoelectron interference pattern,
A spatial Fourier transform of the intensity distribution offers more insight. The one-dimensional Fourier transform of the patterns in the three regions are shown in Fig. 6 , and the results of the analysis are summarized in Table I . The results can be explained as follows: There are a total of at most six different wave numbers k in the observed interference pattern. These wave numbers are apparent as peaks in the spatial Fourier transform.
As the in-coupling of the guided wave at the slit is not very efficient, the amplitude of the incident wave is in all cases larger than that of the guided waves A > B j . The most intense signals, therefore, are Identifying all the peaks in the Fourier transforms in Fig. 6 allows an accurate computation of the effective indices. This calculation is highly redundant because a large number of parameters of the system is accessible from the Fourier transform. This gives us a means to check on the overall 
consistency of our model. With two N j for each surface region (A and B) and polarization (TM, TE), a total of eight modes in the forward direction is obtained. There are also four modes in the reverse direction (region C). These modes in the reverse direction have different interference spacing but the same effective indices as in region A, as indicated in Table I , providing an additional consistency check.
Next we analyze the propagating modes, later returning to the unique properties of the modes in region B, nonpropagating features, and diffraction fringes.
B. Photonic waveguide modes
The Fourier spectra in Fig. 6 exhibit broadened resonances due to the short decay length of the surface waves. In the Fourier transforms, attenuation produces a Lorentzian peak shape whose half width at half maximum (HWHM) is the absorption coefficient α. In both TM and TE region A modes, HWHM ≈ 0.05k = 7700 cm −1 . These values are in very good agreement with transmission measurement on ITO films. 12, 13 This is a confirmation that the observed waves actually propagate through the ITO layer.
We use the asymmetric slab waveguide model, as presented in Ref. 21 , and insert the measured film thickness and optical parameters for ITO and glass, given in Sec. II. For these values the slab model predicts two guided modes for both TM and TE polarizations, and also provides theoretical predictions for the effective indices, which can now be compared with the experimental results. Such a comparison is presented in Fig. 7 . We find that the theoretical effective indices are consistent with those obtained experimentally. The predictions also nicely show the observed index difference for the two thicknesses available in the structure.
C. Mode amplitudes and phases
Diffraction is the mechanism through which light is coupled into the ITO thin film. A model based on Fraunhofer (farfield) diffraction can be used to confirm this. Waves incident on the slit are diffracted through angle β into the ITO layer, with in-plane wave number kn ITO sin β. The modes resonant in the waveguide structure are captured and have wave number kN j . 21 Thus, the diffraction angle of the j th mode is related to the effective index by
The Fraunhofer (far-field) equation gives the amplitude distribution of a single slit illuminated with normal, coherent plane waves as
where sincx ≡ sin x/x, W is the slit width, 22 and the relation in Eq. (2) has been used to eliminate the angle β. From  Fig. 3(a) , the slit is 375 nm wide for region A and 390 nm for region B.
The ratio of two mode amplitudes, E 1 /E 2 , can be measured from the Fourier transform, Fig. 6 , using the relationships between intensity and amplitude from the interference model, given in Table I . The ratio can also be calculated from the effective indices, independently measured from the Fourier transform. Comparing these two methods, the measured amplitude ratio and effective-index calculated ratio are found to be in good agreement. In addition, diffraction can explain why the primary propagating wave interference maxima are not coincident with the slit edge. 
D. Region B modes
The center region modes have some obvious differences from the surrounding region modes. The most striking observation is that the spacing of the interference pattern in region B is smaller than in region A, indicating a smaller effective refractive index. This is explained by the fact that the guided wave also probes the space outside the geometrical volume of the ITO layer in the trench. As region B is thinner than region A, the vacuum refractive index has a larger contribution to the effective index for the guided modes in region B. As a consequence, a lower effective index, a longer wavelength, and a larger spacing in the interference pattern result. This is in complete agreement with the asymmetric slab waveguide model, as compared in Fig. 7 .
Another difference is the extremely rapid decay of the center modes, which have attenuation coefficients in the range 12-21 × 10 3 cm −1 , two to three times larger than in region A. This is most likely due to lateral confinement of the trench region. Guided modes are best confined if the refractive index of the confining layer is greater than the surrounding materials. Since the effective indices of region B are less than in regions A and C, the confinement in the center trench is "leaky" which results in a stronger damping of the propagating modes. 21 Region B has two additional interesting features which contribute to increased background brightness. At the far edge, reverse modes are coupled in and interfere with the forward propagating waves. The result is that the region is generally brighter than the surrounding bulk surface but without a strong contrast in the interference pattern, as seen in the profiles of Fig. 4 . Second, the surface of the trench was FIB milled, unlike regions A and C. FIB milling modifies surfaces, changing surface roughness and disrupting the surface homogeneity due to gallium impact. 24 The difference in surface roughness between the center and bulk surface regions is also visible in the one photon image, Fig. 3(a) . These changes are generally limited to a shallow surface depth, so the effects of FIB milling on wave guiding deep in the ITO layer should be minimal.
E. Local near fields and diffraction
Although not the focus of this paper, it is worth briefly discussing other features of the two-photon photoemission images. Most notable are localized emission "hot spots" scattered across the ITO surface in Figs. 3(b) and 3(c) , many of which are present in both polarizations. Comparing to Fig. 3(a) , it seems that most of these excitations are due to surface irregularities. These sites produce localized near-field optical resonances which enhance the electromagnetic field. Similarly, the top edges of the slit and center region resonate with the incident light, enhancing photoemission. These edges are significantly narrower than the interference pattern maxima, indicating tightly confined electromagnetic fields.
Diffraction fringe fields extend around hot spot sites in the multiphoton PEEM micrographs and are significantly weaker under TE polarization. The occurrence of these fringes has been discussed in some detail in Ref. 25 . The width of the fringe maxima varies with particle size and is projected further in the forward direction than in the reverse. These features clearly distinguish the waveguide modes from diffraction phenomena.
The fringe fields can be explained using Fraunhofer (farfield) diffraction around an opaque aperturelike object, which predicts a minima immediately surrounding the particles and gives a first maximum spacing y ≈ 3.83λA/π sin 30
• in the forward direction, where A is the aspect ratio of height to diameter. 25 For A 1, this formula predicts a variable spacing y 1 μm, consistent with the forward fringes observed in Fig. 3 .
F. Error analysis
It is of interest to determine the potential accuracy of PEEM in this optical application, particularly for the experimentally observed optical parameters such as the refractive index, the absorption coefficient, and relative phase shifts. The microscope utilized in these experiments had a spatial resolution of 5 nm in earlier studies. 16 In the current work, the low electron emission rates result in long exposure times which in turn lead to a degradation of the spatial resolution, as voltage stability, sample motion, and external fields have an increasing influence on the image.
From the experimental data we find that the Fourier transform evaluation provides interference pattern spacings with an accuracy of 3%, the effective indices of the guided modes with 5%, and the absorption coefficient with 9%. Assuming that the laser wavelength, the angle of incidence, and the film thickness could-at least in principle-be determined with significantly better accuracy, we conclude that the optical parameters can be determined with high precision in areas as small as a few microns, since the Fourier transform is obtained over that area.
The determination of relative phase shifts can be obtained from a direct image analysis of Fig. 4 once the periods are determined from the Fourier analysis. The slit edge can be taken as the reference position for this comparison. A basic analysis using fitted wave forms indicates that the two images provide an accuracy of 24 nm for the relative phase shifts of the two polarization modes depicted. This corresponds to corresponds to λ/17.
We find that these results for local averages of the optical constants and the dynamic phase shifts in diffractive incoupling nicely demonstrate the potential for PEEM imaging in planar optics applications.
IV. CONCLUSION
Transparent photonic waveguides can quantitatively be studied in PEEM at excellent spatial resolution. Our method utilizes multiphoton excitation processes to bridge the energy gap between work function and visible light.
In the current study photonic propagation of blue light was observed by a nonlinear two-photon coupling in the material induced by the high intensities available in ultrashort laser pulses. The nonlinear photoemission process also increased the imaging contrast. Highly redundant results produced a unique, high precision characterization. It appears that photoemission microscopy with its excellent spatial resolution is suitable to quantify phase shifts locally and under a wide range of conditions, i.e., at altered polarizations, in different surroundings and over a range of material properties.
Our finding complements earlier work that has demonstrated the visualization of plasmon propagation in thin metallic films using a very similar approach. [17] [18] [19] As photonic wave propagation is better understood and is subject to lower internal damping, the experimental results in photonics are more readily understood and can be analyzed at a much more quantitative level. It can be expected that extending the interferometric approach from the plasmonic to the photonic regime will eventually allow the observation of interactions between surface plasmon and guided photons, particularly the excitation and radiative decay of surface plasmons. Including a spectroscopic analysis of the photoelectrons in such experiments will make this description even more definitive.
The high contrast inherent to multiphoton photoemission is particularly well suited to nanoscale devices as it allows high precision determination of mode wavelength, amplitude, and phase. There are numerous applications where these parameters are of importance, 26 as, for example, in high-confinement waveguides, 27 high sensitivity biochemical sensing devices, 28 quantum coherent devices, 29 and ultrafast optical switches. 30 While phase sensitivity is one aspect not fully explored in the present analysis, the high contrast available in nonlinear PEEM micrographs allows for phase measurements to within 1/17th of a cycle. This can provide new experimental support to the design of metamaterials, 31 where relative electromagnetic phase shifts play an important role.
